balance the best possible oncological outcome in terms of disease control with minimizing neurological morbidity from surgery.
The need for precision in the surgical management of chordoma cannot be overstated, and the technology of computer-aided navigation is a natural choice to facilitate this need of precision. Computer navigation has been widely used in spinal, and joint surgery [3, 4] but is just gaining attention in the field of bone tumor surgery. [5] [6] [7] [8] Several case reports and small series studies have reported its usage as an aid to the removal of sacral chordomas; [9] [10] [11] however, there are no studies describing the combination of magnetic resonance imaging (MRI) and computed tomography (CT) images for intraoperative navigation to increase the accuracy of these resections. The aim of our study was to evaluate our center's experiences with computer navigation-aided resections of sacral chordoma with respect to the safety and feasibility, parameters including surgical margins, navigation deviation, operative time, blood loss, oncologic outcomes, postoperative function, and complications were recorded and analyzed.
Methods
Between 2007 and 2013, a total of 26 patients underwent sacral chordoma resection with the assistance of image-guided computer navigation at our department. We identified and retrospectively reviewed the records of these patients. Informed consents were obtained from all patients. The mean age of the patients was 55.8 years old (range: 35-84 years old). In all, 21 patients had a primary tumor and 5 had a recurrent tumor. The tumor location was above S3 in 23 patients and below S3 in 3 patients [ Table 1 ]. Imaging studies included preoperative plain radiography, CT scanning, MRI, and radionuclide bone scanning. The pathological diagnosis was confirmed by postoperative pathology or during the primary operation in recurrent cases. In all cases, the chordoma was of low-grade malignancy.
The preoperative radiographic data were obtained in digital imaging and communication in medicine format and exported to a CT-based navigation system (CT Spine, version 1.2; Stryker Navigation, Freiburg, Germany). The tumor extent was mainly determined by the MRI (Siemens, Germany) evaluation. In the navigation workstation, the MRI images were combined with the CT images so the preoperative plan could be designed using the CT images but also taking into account the extent of the tumor as shown on MRI. The CT images were used to plan the bony margins, and the MRI scan both confirmed the soft tissue extent of the tumor, as well as confirmed the level of the tumor with the bone. Tumor range was drawn layer by layer in horizon section of MRI and CT, and then fusion and correction was performed. Therefore, the three-dimensional (3D) tumor model was established in the navigation system. The fusion of these images helped the surgeons to identify the 3D margin of the tumor [ Figures 1 and 2] . The mean time of preoperative planning was 41.3 min. The preoperative plan for osteotomies was designed to include a 1.5 cm margin of normal bone from the edge of the tumor. Soft tissue resection was also designed in the navigation workstation based on this 1.5 cm rule. This 1.5 cm surgical margin was not applied to the anterior margin of the tumors, which are often adjacent to visceral organs but rarely involve the viscera. If the tumor had grown transversely to involve the ischial insertion of the sacrospinous ligament, we performed intralesional resection instead of wide resection.
We used a posterior approach for the operation. A median longitudinal incision was performed over the tumor mass starting at the L5 spinous process and ending at the end of the coccyx. The biopsy tract was resected together with the tumor mass. The flap with fascia was opened, and the gluteus maximus, erector spinae, and sacroiliac joint were exposed. We placed a navigation tracker on the normal bone (ilium or spinous process) at a distance from the lesion.
We then exposed the sacral spines and vertebral endplates as bony markers. Three to six bony anatomical landmarks were chosen for registration with the 3D computer model of the sacrum in the computer navigation system. Each point was registered in turn and registration was considered complete when the registration deviation was less than 4 mm. We then used indicators at multiple points on the normal bone to verify that the image on the computer screen matched the bone. The mean registration process took 19.2 min.
Computer navigation was used to confirm the level of the lesion and bone margins on both lateral sides above S3, as well as the pathway of the sacral nerve. According to the preoperative plan and navigation guidance, we then resected the tumor and protected the sacral nerve [ Figure 3 ]. After tumor resection, we verified that the resection had been performed according to the preoperative plan with the computer navigation system. Thorough hemostasis, drainage, and wound closure were performed. If more than 50% of S1 and some of the iliac bones were removed, we would fix the unstable pelvic ring with a sacroiliac L-rod instrumentation.
The wound was examined on postoperative day 3. Drains were removed if the drainage fluid volume was <30 ml. We took photographs of the gross specimens from the anterior, posterior, superior, inferior, and two lateral sides. The specimen was then cut in the maximum diameter of the tumor. Pathological examinations of dangerous sites were performed to reveal the surgical margins. All of the excised specimens were measured to be compared with the preoperative plan [ Figure 4 ]. All cases with intralesional margin received radiotherapy postoperatively.
The patients were followed every 3 months for the first 2 years postoperatively. Physical examinations (including neurological evaluation) of the lower limbs and perianal area were performed at each follow-up visit. Plain radiography of the chest, sacrum, and lower lumbar spine was also performed. Ultrasonography of the surgical site was performed at each follow-up time point to detect any possible soft tissue recurrence. If ultrasonography showed any abnormal sign, CT examination would be performed. Chest CT, lumbosacral CT, and whole-body bone scanning were performed every 6 months. After the 3 rd postoperative year, patients were followed once a year.
SPSS for Windows (version 16.0, SPSS, Chicago, IL, USA) was used for the statistical analysis. All of the statistical analyses were based on the 26 cases treated in our center. The factors which may be related to intraoperative bleeding, infection/delayed healing, and local recurrence were analyzed. Pearson's correlation and Spearman's correlation were used for parametric tests and nonparametric tests, respectively. Fisher's exact test was used when comparing 2 dichotomous variables. All statistical values were considered significant at P < 0.05. 
Results
Computer navigation-aided operations were conducted successfully according to preoperative plans in all cases. No patient died during the perioperative period. The mean operative time was 307 min (140-495 min). The mean estimated intraoperative blood loss was 3065 ml (300-8500 ml). The mean blood transfusion during the perioperative period was 2720 ml (0-8000 ml) [ Table 1 ]. Correlation analysis showed that the maximum tumor diameter and the operative time were significant correlative factors of intraoperative bleeding [ Table 2 ]. Three patients required pelvic ring fixation with sacroiliac L-rod.
Regarding the accuracy of the computer navigation, the mean registration deviation was 1.7 mm. The transverse diameter in the horizontal view and the maximum diameter in the reconstructive sacral images were measured with the computer navigation system. The mean transverse diameter was 7.1 cm (2.6-10.6 cm), and the mean maximum diameter was 11.6 cm (5.0-12.5 cm). Surgical margins were evaluated for all specimens. In all, there were 18 wide resections, 4 marginal resections, and 4 intralesional resections. All intralesional resections were performed as the preoperative plan. The mean difference between the bone cutting line of the preoperative plan (mean 132.5 mm) and that of the excised specimen (mean 135.7 mm) was 3.2 mm (1.1-6.8 mm). The bone cutting line of twenty-two excised specimens were longer than that of the preoperative plans (mean difference was 4.1 mm and range: 1.9-6.8 mm) and four excised specimens were shorter than that of the preoperative plans (mean difference was −2.0 mm and range: −1.1 to −3.0 mm). The 26 patients were followed for a mean of 38.6 months (18-84 months). All patients were alive at the last follow-up. Two patients (7.7%) had a local recurrence. Both of their tumors were large and undergone intralesional resection with extensive curettage. In one of the 2 patients, the tumor extended to the ischial spine and involved nearly the whole greater sciatic notch, so wide or marginal resection was not possible. Local recurrence developed 14 months after the primary surgery, at which point resection of the recurrent tumor and an external hemipelvectomy with an anterior flap were performed. At the last follow-up, this patient was alive without disease. The second patient with local recurrence had total sacral involvement. Extensive curettage had been performed, and local recurrence appeared 48 months later. The patient refused further surgery. He underwent radiotherapy and survived (with the disease) for 78 months postoperatively. Another patient with S2 neural foramen involvement received intralesional resection because she insisted on protection of nerve root and defecation function. She received radiotherapy postoperative, and no recurrence was found 48 months later. There was no recurrence in patients who had undergone marginal or wide resections. The resection margin (intralesional or not) was significantly associated with local recurrence (P = 0.009). Neither the level of tumor (i.e., above vs. below S3 level) nor other factors were found to have a statistically significant association with local recurrence after the Fisher's exact test.
The mean Musculoskeletal Tumor Society (MSTS) score was 27.3 (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . The patient who underwent external hemipelvectomy after local recurrence had poor activity functional scores. MSTS scores for all of the other patients were above 26, implying good function results.
Two patients developed an infection with accompanying skin necrosis. After debridement, local flaps and hamstring muscle flaps were used for soft tissue reconstruction. 
dIscussIon
Chordomas account for 17.5% of primary malignant bone tumors of the axial skeleton, with a reported incidence of 0.5-0.8/1,000,000 population. [12, 13] Although postoperative radiotherapy is useful in local control and some recent studies [14, 15] suggested that microRNA-1 and signal transducer and activator of transcription-3 may be potential therapeutic targets for chordoma, wide resection is still the best treatment for sacral chordomas. Most of the patients have permanent neurological deficits after tumor resection. [16, 17] The 5-year disease-free survival rate after complete resection was reported to be about 80%. [18] Patients who have gross tumor contamination during the surgery have a significantly shorter disease-free survival period than those who undergo wide resection. [19, 20] Inadequate resection margins are associated with a higher risk of local recurrence and poorer survival rate. [21] Computer-aided surgery facilitates resection and reconstruction in patients with complex bone tumors. [5] [6] [7] [8] However, reports specifically on computer navigation-aided surgery of sacral chordomas are rare.
All patients in our study successfully underwent computer navigation-aided resection according to the preoperative plan. The mean registration deviation during the operations was 1.7 mm. CT images showed the proximal level of the tumor and sacroiliac joint involvement, while the MRI confirmed any involvement of the inferior sacrum and gluteus maximus. Together, the combination of CT and MRI images helped us to plan the required resection margin for each tumor. This is the characteristic and advantage of our study. The surgeon may obtain the visual impression of the tumor and keep it in mind. Intraoperative navigation provides excellent 3D visualization of the tumor margin.
Despite this advantage, we should be aware that the figures on the screen and the actual localization may differ. If the registration error is large or the tracker is loosened or even the system collapses, the accuracy of navigation will be destroyed. The surgeon should have an experience in dealing with these issues. Another important premise of using navigation is that one should have a certain surgical experience and related anatomical knowledge. Repeated intraoperative verification is thus necessary. [10] We chose at least three or four anatomical bony marker points that were in different planes for registration. These points were at certain distances from the tumor. We compared the postoperative specimens with the preoperatively designed images and confirmed successful resection of the tumor.
Krettek et al. [10] reported a case of sacral chordoma resection with computer navigation for the first time. Dasenbrock et al. [11] reported two cases with en bloc resection of sacral chordomas aided by frameless stereotactic image guidance. These two reports, however, used CT imaging alone, which was unable to confirm soft tissue margins. To the best of our knowledge, this study is the first to use combined CT and MRI for navigation-aided resection of sacral chordomas.
The tumor recurrence rate of our patients was 7.7% (2/26), which was lower than that in other reports. The recurrence rate of most previous reports ranged from 26% to 70%. [19, 20, [22] [23] [24] [25] [26] [27] [28] Hulen et al. [29] reported 18 patients with sacral chordomas and a recurrence rate of 75% at the 5.5-year follow-up. Most of our patients (23/26) had tumors above the S3 level. Previous studies [2, 30, 31] have shown that recurrence rates are significantly higher for tumors above S3 than those below S3. Considering the difficulty in intraoperative assessment of resection margins and in avoiding injury to sacral nerves when tumors are above S3, computer navigation is especially useful for high-level sacral tumors. Navigation also has the advantage in the resection of tumor with large size or indistinct structure. The computer navigation system helped us to confirm the resection margins of tumors intraoperative and allowed us to verify the accuracy of surgery and the preoperative plan had been followed. However, we must admit that our follow-up time was short compared with previous reports.
The only two recurrences in our series occurred in patients who underwent intralesional resection. These 2 patients could not undergo a wide resection because of the extensive tumor involvement. One patient was found preoperatively to have sacrotuberous ligament involvement, and another had total sacral involvement. Adequate margins can decrease the recurrence rate. Recurrence rates in literature for patients with wide margins ranged from 5% to 60%, whereas the rates for those with inadequate margins ranged from 43% to 83%. [24] [25] [26] [27] [28] [29] [30] [31] While our study showed a statistically significant correlation between local recurrences and the resection margins. The recent review also confirmed that a wide resection margin offered the best long-term prognosis. [32] At the last follow-up, most of our patients had satisfactory activity and functional outcomes. Only 1 patient had a poor MSTS score because of an external hemipelvectomy after local recurrence. No intolerable symptom or significant lower limb dysfunction occurred in any patient, and this was felt to be due to the accuracy of the computer navigation and the ability to minimize neurologic morbidity. However, navigation has some other problems. It requires proprietary equipment with an expensive price, thus the operation expense increases. Navigation-aided surgery has more related steps. Therefore, the greatest concern about navigation-aided surgery is the increased operative time and blood loss from additional exposure. In our study, the point registration took a mean 19.2 min. The mean operative time was 307 min, and the mean intraoperative blood loss was 3065 ml. The latter figures suggested the relative safety of the surgeries performed in this study compared with previous reports. The mean operative time in most previous reports were 5-10 h, and the mean blood losses were 3900-5200 ml. [17, 20, 29, 33, 34] Only sufficient experience with navigation can increase the safety of surgery, otherwise the operation time and related risk may be elevated.
Our study has several limitations. Firstly, the patient population is small. This is related to the rare incidence of chordomas. Secondly, the study duration and follow-up were short. The mean follow-up of 38.6 months revealed a quite low recurrence rate among our patients. In most previous reports, however, the mean time to recurrence after surgery was 28-38 months [2, 17, 21] which was similar to our follow-up time. Housari et al. [34] reported 13 patients with a mean follow-up of 4.5 years and all nine recurrences occurred within the first 2 years postoperatively. Although our follow-up was relatively short compared with previous reports, satisfactory resection margin and good local control were achieved during a period of time. Thirdly, the single-group study design allows no comparative assessment with conventional surgery. Due to the different complexity in different level and nature of the sacral tumor, we did not compare navigation aid surgery with traditional surgery in our center.
In conclusion, this study illustrates our experience in using CT and MRI image fusion for preoperative planning and computer-aided navigation for the intraoperative guidance of sacral chordoma resection. It demonstrates the safety and feasibility of the technique and the favorable short-term oncological outcomes in a small population of subjects treated with this technique. However, some potential problems and risks should also be noticed. We are now performing this technique in more cases and looking forward for long-term results.
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